e effect of magnesia on ternary systems composed of limestone, metakaolin and calcium hydroxide, alkali activated with sodium silicate, sodium hydroxide, and sodium sulphate was studied by determination of the compressive strength, X-ray powder diffraction (XRD), thermogravimetry (TG), and scanning electron microscope (SEM). Pastes activated with sodium silicate and sodium sulphate showed strength regression caused by a formation of an unstable prone to cracking geopolymer gel. e presence of magnesia in sodium hydroxide-activated system hindered this trend by promoting a formation of more stable crystalline phases intermixed with brucide. In general, magnesia densified the binder matrix by promoting a formation of amorphous phases while sodium hydroxide produced the most porous microstructure containing high amount of crystalline phases.
Introduction
It is estimated that the production of one ton of Portland cement clinker causes emission of approximately 800 kilograms of carbon dioxide into the atmosphere. e cement industry alone accounts globally for a staggering 8% share of a total annually manmade carbon dioxide [1] . e cement industry is continuously modernizing the production process and uses more secondary cementitious binders such as fly ash, limestone, or blast-furnace slag to improve the situation.
ere are also alternative cementitious binders including the so-called geopolymers; Provis et al. [2] and Purdon [3] . At present, these binders are commercially available and used mostly in Europe and Australia [4] [5] [6] . Geopolymers can be defined as synthetic aluminosilicates inorganic polymers [7] . e most commonly used aluminosilicate precursors include fly ash (FA), blast-furnace slag (BFS), and metakaolin (MK) [8] [9] [10] . Fly ash and blastfurnace slag are industrial by-products with limited availability and increasing price. Metakaolin on the other hand is produced from natural kaolin clays through energy consuming and CO 2 emitting calcination process [11, 12] . Alkali-activated slag upon dissolution forms mainly calcium silicate hydrate incorporating some aluminum (C(-A)-S-H), hydrotalcite-like phases, stratlingite, and amorphous geopolymer gel [13] .
ese systems suffer from significant autogenous and drying shrinkage and microcracking of the binder matrix. e final setting time can be very short; the strength development can be very fast. e durability, especially in acid exposures, is very good (Bernal et al., [14] ). Fresh and hardened state properties of alkali-activated fly ash concrete strongly depend on the chemical composition of the precursor [15] . e reactivity of fly ash is relatively low leading to slow setting and the need for high curing temperatures [16] . Geopolymers based on metakaolin have usually slightly higher water demand and permeability in comparison with geopolymers based on fly ash or blastfurnace slag. e reaction product of metakaolin activated with sodium silicate and sodium hydroxide is usually an amorphous hydrated sodium aluminosilicate [17] . Some also reported formation of sodium alumina silicate hydrate gel (N-A-S-H) [18] . A relatively new approach uses a combination of several types of aluminosilicates enabling to mitigate some of the pointed limitations. For example, the incorporation of slag into the fly ash-based system shortens the setting time, increases the compressive strength, and densifies the microstructure by formation of phases composed from modified calcium silicate hydrate gel (C-S-H). It includes aluminum modified calcium silicate hydrate (C-A-S-H) gel and sodium aluminosilicate hydrate (N-A-S-H) gel [19, 20] . Systems containing up to 75 wt.% of fly ash are formed by the coexistence of N-A-S-H and C-A-S-H. Systems with similar or lower fly ash to slag content form predominantly hybrid type of the N-(C)-A-S-H gel. It is believed that Ca released from slag is later incorporated into N-A-S-H gel formed from activation of fly ash. Slow dissolution of fly ash can be compensated with application of higher curing temperature, thus enabling formation of cross-linked products, densification of the microstructure, and increasing the strength of the solidified binder matrix [21] .
e most commonly used alkali activators include sodium hydroxide, sodium silicate, sodium carbonate, and sodium sulphate [5] . Recently, effects of reactive magnesium oxide and calcium carbonate were also investigated; [22, 23] .
e reactive magnesium oxide shortens the setting time and significantly reduces the drying shrinkage when used in blast furnace slag-based systems [24] . A small amount of crystalline phases combined with a higher magnesium oxide content tends to enhance the ultimate compressive strength [25] .
e reactive magnesium oxide can be also used as a standalone alternative cementitious binder. e type of alkalis, the curing temperature, and the pH value of the solution affect the hydration of magnesium oxide into brucide [26] [27] [28] .
e reactive magnesium oxide obtained from a light-burned periclase was studied, for example, by Zhang et al. [29] . Addition of silica fume resulted in formation of calcium silicate hydrate (C-S-H) gel and brucide. e brucide reacted with silica fume and formed magnesium silicate hydrate (M-S-H) gel. e obtained pH was below 10, which created a binder suitable for waste encapsulation.
e limestone is primarily used in Portland cementbased concretes as a filler to enhance the packing density. In the present study, the limestone was used in alkali-activated systems having very high pH of the pore solution. e very high alkalinity was assumed to be able to induce a limited chemical reactivity of limestone surface particles. e primary objective of this study was to determine the combined effects of reactive magnesia and calcium hydroxide on alkaliactivated systems based on the mixture of limestone and metakaolin. Table 1 , and XRD spectra are shown in Figure 1 . ree types of alkali activators were used: sodium hydroxide (NaOH), sodium silicate (Na 2 SiO 3 ), and sodium sulphate (Na 2 SO 4 ). Five mole solutions were prepared using deionized water and stored for 24 hours before mixing. e sodium hydroxide pellets were produced by Akzo Nobel and had NaOH content of 98.9%. e sodium silicate solution was supplied by PQ Finland Oy and had the molar ratio (SiO 2 /Na 2 O) of 2.00-2.10. Mix compositions are shown in Table 2 . All mixes had an initial water to binder ratio of 0.6 adjusted during mixing to obtain a comparable workability. All mixes were produced using an Ecovac Bredent vacuum mixer with a capacity of 200 g. e vacuum mixer was used to remove entrapped air from the paste. e mixing time was 2 min, and the mixing speed was 290 rpm. All hardened samples had a dimension of 12 × 1212 × 60 mm 3 and were cast into Teflon moulds to exclude the effect of the demoulding oil. All specimens were demoulded after 24 hours and heat treated at 80°C for 24 hours.
Materials and Methods
e compressive strength was determined after 3 and 28 days using the Zwick RK 250/50 loading machine, maintaining the loading rate of 0.35 mm/min. e identification of formed phases was done by X-ray diffraction (XRD) on 7-day old samples using a combination of Philips PW1710 diffractometer control unit, PW1820 goniometer, and a PW1830 generator with CuKα radiation. e generator voltage was 40 kV, and the current was 40 mA. e range of the 2θ angle was set at 5.015°-88.965°and the scan step at 0.03°. e thermogravimetric (TG) analysis was done using a DuPont Instruments 951 analyser, updated with a temperature programmer interface (TPI) controller.
e heating rate was 20°C per minute, and the maximum temperature was 1000°C. Samples were heated in a helium atmosphere with a flow rate of 40 ml/min. e microstructure of hardened samples was determined using a field emission-scanning electron microscope-(FE-SEM)-type Quant FEG 450 produced by FEI. e used accelerating voltage was 5-10 keV, chamber pressure was 10-3 Pa, and a working distance was 15 mm. No additional conductive coating was applied to any of the specimens. e backscattered electron (BSE) detector was used to obtain all images.
Test Results and Discussion
In general, the workability of all mixes tended to worsen when using sodium silicate and to a lesser extent with sodium hydroxide and sodium sulphate. Addition of magnesia to systems containing limestone and metakaolin worsened the workability while addition of calcium hydroxide had no effect.
e observed worsening of the workability can be directly related to increased surface area and presumably, as not determined, lowering of the particle packing density [30] . In order to produce comparable mixes, the water-tocement ratio was increased to compensate for the effect (Table 2) .
Reference mixes containing only magnesia were used to determine effects of the alkali activator type on the hydration process. e sodium sulphate-activated mix had the highest 3-and 28-day compressive strength values reaching 22 MPa and 28 MPa, respectively, Figure 2 . Pastes activated with sodium hydroxide reached only 2 and 5 MPa after 3 and 28 days while sodium sulphate-activated pastes reached 4 and 8 MPa.
e recorded variations in compressive strength values are related to both water-to-binder ratio and to chemical processes controlled by the used alkali activator. However, no direct correlation between the water-to-binder ratio and the strength was observed, thus indicating that the type of the activator had a dominative role in ongoing dissolution and hydration processes. Hardened matrixes were composed of magnesium hydroxide (B), also observed by Skorb et al. [31] (Figure 3 ). Unreacted magnesia (M) was detected only in mixes activated with sodium silicate and sodium hydroxide. e TG analysis revealed peaks, at 100°C, between 350 and 400°C, and at 600°C (Figure 4 ). e first peak can be directly related to the moisture evaporation while the second to the decomposition of magnesium hydroxide [26] . e third decomposition peak located at around 600°C is related to magnesium carbonate MgCO 3 [32] .
Reference mixes MOH3M and MOH3MCa were used to verify effects of calcium hydroxide on limestone-metakaolinmagnesia alkali-activated systems. Replacement of the binder by 10 wt.% of calcium hydroxide increased the 28-day compressive strength by 400%, Figure 5 , presumably due to formation of a N-A-S-H gel [33] and Granzio et al. [18] . Others observed formation of sodium aluminosilicate and secondary CSH gel [34] . Curing temperature, concentration of alkalis, solid content, and the type of alkalis affected formation of these phases. e metakaolin-to-calcium hydroxide ratio did not influence the rate of aluminosilicate formation but promoted precipitation of larger reaction products when this ratio was increasing. Higher additions of calcium hydroxide appeared to produce mixes with better mechanical properties especially when using heat curing [34] . In the present study, all metakaolinlimestone mixes contained 10 wt.% of calcium hydroxide and optionally 10 wt.% of magnesia. e 3-day compressive strength increased for all magnesia containing mixes depending on the type of the used activator, (Figure 6 ). e highest increase from 7 MPa to 12 MPa was measured for sodium sulphate-activated mix MSOMgO and the lowest increase by only 0.5 MPa for sodium silicate-activated mix MSiOMgO. On the contrary, the 28-day compressive strength showed regression in nearly all studied mixes. e effect was especially pronounced for mixes containing magnesia and activated with sodium sulphate. In this case, the strength decreased by nearly 50%.
e observed regression could be related to the initial formation of an unstable geopolymer gel followed by its later collapse [9, 35] . However, a consequence of a lower tensile strength combined with a presumably higher shrinkage resulted in microcracking of the hardened binder matrix (Figure 7) . On the contrary, magnesia prevented strength regression of the mix activated with sodium hydroxide. It could be related to the formation of more stable crystalline phases intermixed with brucide instead of the unstable gel (Figure 8(a) ).
e combined effect of the reactive magnesia and calcium hydroxide was an increased compressive strength and a lack of the strength regression. e effect was only present in limestone-metakaolin mixes activated with the sodium hydroxide.
e X-ray diffractgrams of 28-day old pastes showed a generally high amount of the unreacted calcium carbonate (C) with smaller amounts in the case of pastes activated with sodium hydroxide and sodium silicate.
is indicates a higher dissolution rate of limestone of those mixes (Figure 8 ) [22] . Layered calcium carboaluminate (D) phase was identified to form in all mixes but with a lower amount forming in the presence of magnesia.
Brucide peaks (B) were detected only in the mix MOHMgO containing magnesia and activated with sodium hydroxide (Figure 8(a) ). A lack of brucide formation in the presence of magnesia was also observed earlier for the blastfurnace slag-based binders. e hydrolysis of MgO on the surface of BFS and the reaction with broken Si-0 or Al-0 bonds forming magnesium silicate hydrate (M-S-H) was indicated as the main cause. e formation of M-S-H could in turn hinder precipitation of brucide. e detection of M-S-H in XRD is difficult what could explain its absence in XRD spectra shown in Figure 8 [36, 37] . Peaks marked as "CSH" and detected at around 29 o θ were identified as originating from a mix of poorly crystalline sodium-and aluminum-substituted calcium silicate hydrate C-(N)-A-S-H based on the earlier study by Walkley at al. [38] . In that study, high purity synthetic calcium aluminosilicate powder was used as a precursor. e increased Ca content in the precursor, in the present study, addition of Ca (OH) 2 , resulted presumably in a predominant formation of a low Al, high Ca C-(N)-A-S-H. Partial overlap of this peak with calcite made comparison between mixes difficult; however, the amount of formed phases depends on the type of the used alkali activator. Consequently, formation of C-(N)-A-S-H gel could be retarded due to the presence of sulphate ions in the pore solution which could repel the negative charge on the aluminosilicates. is would in turn obstruct condensation reactions and would lower the degree of ash solubilization due to the slight decline of pH [37] . Sulphate could also accelerate the conversion of Ca-(N)-A-S-H gel into zeolites, AbdelGawwad [37] , which was confirmed by detection of zeolite-like "Z" peaks in the XRD analysis. Existence of nanometer-sized crystalline zeolite structures in generally XRD-amorphous geopolymer gels has been suggested by others [39] . A typical effect related to the presence of zeolites in geopolymer gels is an improvement of mechanical properties which could be also observed in all mixes, where the zeolite-related peak was detected. A lack of zeolites in mixes activated with sodium silicate can be directly linked to a formation of templates for an assembly of aluminates by variety of silicate units originating for that activator [40] . Consequently, the formation of zeolites is suppressed, and instead, amorphous products are formed due to a slow condensation between Al-OH from metakaolin and Si-OH from sodium silicate. It is unclear why the zeolite did not form in the mix activated by sodium sulphate not containing magnesia.
e SEM micrograph (Figures 7, 9 , and 10) clearly shows the least porous microstructure in mixes activated with sodium hydroxide which combined with a higher crystallinity detected in XRD that indicates less dense amorphous gel which complies with earlier results; [40] . On the contrary, mixes activated with sodium silicate and sodium sulphate showed less crystallinity in XRD and also dense microstructure in SEM. e presence of magnesia visibly densified the binder matrix especially in the case of the mix activated with sodium hydroxide (Figure 9 ). It could be related to the presence of magnesium silicate hydrate, which hindered the formation of brucide. e binder matrix of the mix activated with sodium sulphate showed the highest 3-day compressive strength, and subsequent strength regression after 28 days appeared to be severely cracked ( Figure 7 ). Cracking can be linked to shrinkage of the unstable geopolymer gel.
Conclusions
Alkali activation of a reactive magnesium oxide produced matrixes with compressive strengths of up to 28 MPa when activated with sodium sulphate. Alkali activators worsened the workability of fresh mixes with sodium silicate having the strongest effect and sodium sulphate the weakest. e presence of calcium hydroxide increased the compressive strength of hardened matrixes by 400%. Magnesia increased the early-age strength of metakaolin-limestone systems by up to 90% when activated with sodium sulphate but caused its later regression by 50% in the case of this activator. Mixes with other activators showed increase of the compressive strength by just few present and also later regression. Formation of an unstable gel followed by its collapse leading to a low tensile strength, higher shrinkage, and eventually to microcracking of the binder matrix could be a possible mechanism behind the observed regression. e trend was not observed in the mix activated with sodium hydroxide and containing magnesia. In that case, more stable crystalline phases intermixed with brucide were formed. Magnesia densified the binder matrix by increasing the amount of amorphous phases on the expense of less crystalline phases. Furthermore, sodium silicate hindered formation of Advances in Materials Science and Engineering C-(N)-A-S-H gel. Combination of reactive magnesia and calcium hydroxide increased the compressive strength and prevented its regression at the later age. Unfortunately, the recorded ultimate strength of this system was lower in comparison with systems activated with sodium sulphate but which also showed the highest regression. e possible causes of the observed regression should be further studied.
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